Two amino acids, Leu149 and Val223, were identified as proteolytically sensitive when Pseudozyma antarctica lipase (PalB) was heterologously expressed in Escherichia coli. The functional expression was enhanced using the double mutant for cultivation. However, the recombinant protein production was still limited by PalB misfolding, which was resolved by DsbA coexpression.
activity, PalB expression in the oxidative periplasm of E. coli was explored (20, 22) . However, the expressed PalB protein was extremely sensitive to intracellular proteolysis, resulting in complete degradation. To overcome this problem, PalB mutant variants that were stable against proteolysis were derived ( Table 1) .
The results for functional expression of various PalB variants are summarized in Table 2 and Fig. 1 . Neither PalB activity nor PalB-related polypeptide was detectable for the BL21(DE3) (pETG) culture sample, suggesting that the expressed gene product was degraded. Error-prone PCR (ep-PCR) was conducted using pETG as the template and LB-P10/LB-P11 as the primers. Potential mutants were screened on tributyrin agar plates. A colony developed a large halo, and the harboring plasmid (i.e., pETGM-2) was purified for sequencing. Two mutations, Leu149Val and Val223Ile, were identified in the expressed PalB mutant (i.e., M-2). High PalB activity was obtained for the BL21(DE3) (pETGM-2) culture sample. However, a PalB-related polypeptide was detected in both the soluble and insoluble fractions, implying potential protein misfolding. It was previously reported that the functional expression of PalB could be limited by disulfide bond formation associated with folding (21) . It was intriguing to observe the structural effect of these two simple mutations on improving PalB stabilization and functional expression.
Site-directed mutagenesis was conducted to introduce various single mutations of Leu149 and Val223 for a further understanding of the structural effect. Note that only hydrophobic amino acid residues were selected for the replacement to avoid any major structural disturbances. Among the five single mutations on Leu149, only Leu149Val and Leu149Ile were associated with a slight improvement in functional expression, and Leu149Val was more effective than Leu149Ile, whereas the others behaved similarly to the wild type. Among the five single mutations at Val223, only Val223Phe, Val223Gly, and Val223Ile showed a slight improvement in functional expression, with Val223Ile as the most effective one, whereas the others showed no improvement. The results suggest that Leu149 and Val223 are two amino acids critically affecting the proteolytic susceptibility of PalB in E. coli, with a synergistic effect on PalB stabilization from Leu149Val and Val223Ile mutations.
Several amino acids were identified as being involved in the catalytic mechanism (17), such as Ser107-Asp189-His226, forming the catalytic triad, and Thr42 and Gly108, acting as the hydrogen bond donors in the oxyanion hole of the active site. However, Leu149 is located at the entrance of the partially formed lid of the protein structure, whereas Val223 is situated near one of the catalytic triad residues, His226, in the active site. The substitutions at Leu149 and/or Val223 with a PalB stabilization effect potentially convert the overall protein conformation into a less proteolytically sensitive form without changing the enzyme kinetics or activity. It was interesting to observe a similarly positive effect upon replacing Val223 with either a bulky Phe or a small Gly, implying that the molecular size of this amino acid residue was not critical for alleviation of the proteolytic sensitivity. Note that PalB-related polypeptide was present in the insoluble fraction for all the PalB mutants with improved functional expression, suggesting another expression hurdle of protein misfolding.
To overcome the protein misfolding, coexpression of two periplasmic folding factors, DsbA and DsbC, was explored, and the cultivation results are summarized in Fig. 2 . DsbA coexpression significantly boosted functional expression, with specific PalB activity of more than twofold that of the control culture and a slight reduction of insoluble PalB. However, the improving effect associated with DsbC coexpression was minimal. The results suggest that the initiation but not isomerization for disulfide bond formation in the periplasm became limiting. The chaperone activity associated with DsbA could assist the folding of the expressed PalB double mutant.
While many studies based on rational mutagenesis, directed evolution, and gene shuffling are conducted to derive PalB mutants with improved enzyme properties, such as thermostability, bioactivity, or enantioselectivity (12) (13) (14) 16) , this is an approach to improve protein manufacturing by deriving the variants with less proteolytic susceptibility. Though it has been perceived that the proteolytic specificity can be intrinsically determined by the protein substrate sequence, experimental demonstration of this is rarely reported. This study complements the lack of such experimental demonstration by showing the proteolytic specificity and sensitivity of PalB heterologously expressed in E. coli can be drastically altered by simple amino acid substitutions. It also demonstrates the application of molecular manipulation to enhance recombinant protein production in E. coli. 
